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(57) ABSTRACT

A high-speed multi-stage voltage comparator i1s provided.
The multi-stage voltage comparator 1s configured to elimi-
nate oifset from outputs of preamplifiers through respective
offset-cancellation switches, and to reset the outputs of the
preamplifiers through respective reset switches to reduce an
output recovery time. Thus, the multi-stage voltage compara-
tor operates with high accuracy and at a high speed, so that 1t
can be usefully applied to an analog-to-digital converter
(ADC), and particularly, a high-speed successive approxima-
tion register ADC (SAR ADC).

13 Claims, 6 Drawing Sheets
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HIGH-SPEED MULTI-STAGE VOLTAGE
COMPARATOR

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This application claims priority to and the benefit of
Korean Patent Application No. 10-2008-0131613, filed Dec.
22, 2008, the disclosure of which 1s imncorporated herein by
reference 1n 1ts entirety.

BACKGROUND

The present invention relates to a high-speed multi-stage
voltage comparator. More specifically, the present invention
relates to a high-speed multi-stage voltage comparator that
can operate with high accuracy and at a high speed by reset
and offset-cancellation switches, both of which are connected
to output terminals of respective preamplifiers.

DISCUSSION OF RELATED ART

Analog-to-digital converters (ADCs) are devices that con-
vert an analog signal into a digital signal. The ADCs essen-
tially employ a comparator, which compares the magnitudes
of two signals to output a result.

FI1G. 1 1llustrates a conventional multi-stage voltage com-
parator 100 used for an ADC.

Referring to FIG. 1, the conventional multi-stage voltage
comparator 100 has a structure in which numerous preampli-
fiers A1l through A13 are cascaded with a latch L for high-
speed operation.

This multi-stage voltage comparator 100 can obtain rela-
tively high speed and accuracy using advantages of the
preamplifiers A11 through A13 having a small offset and the
latch L having a large voltage gain.

The multi-stage voltage comparator 100 must, however, be
designed in such a manner that the preamplifiers A11 through
A13 can operate on the respective stages as soon as possible,
because operating speed 1s restricted by a propagation delay
time due to an mnput signal having to pass through several
stages.

However, in the structure for eliminating offset and
teedthrough as 1 FIG. 1, a sufficient inter-phase gap must be
kept between first through fourth clocks CK1 through CK4.
For this reason, there 1s a limait to an available clock cycle, and
problems of timing skew, etc., occur, so that operating speed
1s reduced.

Furthermore, when the multi-stage voltage comparator
100 shown 1n FIG. 1 1s used for a successive approximation
register ADC (hereinafter, referred to as an “SAR ADC”), all
of the first through fourth clocks CK1 through CK4 must
operate during a sampling time Q... ;... Thus, 1t 1s ditficult
for the multi-stage voltage comparator 100 to be used for the
high-speed SAR ADC having the small sampling time Q__ -
pling that ranges from several to tens of ns.

SUMMARY OF THE INVENTION

The present 1invention 1s directed to a multi-stage voltage
comparator capable of operating with high accuracy and at a
high speed.

More particularly, the present mvention 1s directed to a
multi-stage voltage comparator that eliminates offset from an
output of each preamplifier to improve accuracy of compari-
son, and minimizes an output recovery time of each pream-
plifier to allow high-speed operation.
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One aspect of the present invention provides a high-speed
multi-stage voltage comparator including: a multi-stage

amplifier having a plurality of preamplifiers cascaded on
multiple stages; a latch connected to an output terminal of the
multi-stage amplifier; a plurality of capacitors storing volt-
ages output from the respective preamplifiers; a plurality of
olfset-cancellation switches connected to output terminals of
the respective preamplifiers to eliminate offset from the out-
puts of the respective preamplifiers; and a plurality of reset
switches connected to the output terminals of the respective
preamplifiers to reset the outputs of the respective preampli-
fiers.

The reset and offset-cancellation switches, which are con-
nected to the output terminals of the respective preamplifiers,
may operate 1n response to asynchronous clocks.

The offset-cancellation switches may be simultaneously
turned on for a predetermined time before input voltages are
input to the respective preamplifiers to eliminate the offset
from the outputs of the respective preamplifiers. Alterna-
tively, the offset-cancellation switches may be sequentially
turned on for a predetermined time before input voltages are
input to the respective preamplifiers to eliminate the offset
and feedthrough from the outputs of the respective preampli-
fiers.

Each of the offset-cancellation switches may be a small
complementary metal oxide semiconductor (CMOS) switch.

The reset switches may reset the outputs of the respective
preamplifiers 1n response to respective clocks maintaining a
HIGH state until after imnput voltages input to the respective
preamplifiers are crossed. If necessary, the reset switches may
reset the outputs ol the respective preamplifiers 1n response to
one clock having a longest cycle among clocks maintaining a
HIGH state until after imnput voltages input to the respective
preamplifiers are crossed.

As the reset switches maintain an ON state until after the
input voltages input to the respective preamplifiers are
crossed, the respective preamplifiers may reduce a propaga-
tion delay time and an output recovery time. The respective
preamplifiers may be reset for a predetermined time by the
respective reset switches, and amplity and output a difference
between the input voltages after the mnput voltages are
crossed.

Using the reduction of the output recovery time, the pream-
plifier at a front stage 1n the multi-stage amplifier may have a
higher operating speed than the preamplifier at a rear stage.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages ol the
present 1mvention will become more apparent to those of
ordinary skill 1n the art by describing in detail exemplary
embodiments thereof with reference to the attached drawings,
in which:

FIG. 1 illustrates a conventional multi-stage voltage com-
parator used for an analog-to-digital converter (ADC);

FIG. 2 1s a diagram for describing a high-speed multi-stage
voltage comparator according to an exemplary embodiment
ol the present invention;

FIG. 3 illustrates a successive approximation register ADC
(SAR ADC) to which a multi-stage voltage comparator
according to an exemplary embodiment of the present inven-
tion 1s applied;

FIG. 4 1s an enlarged view of a shaded part of the timing,
diagram of FIG. 2; and

FIGS. SA and 5B are graphs showing output fast-Fourier-
transform (FFT) results of a 10-bit SAR ADC equipped with

a multi-stage voltage comparator according to an exemplary
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embodiment of the present invention and a 10-bit SAR ADC
equipped with a conventional multi-stage voltage compara-
tor.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

The present invention will now be described more fully
with reference to the accompanying drawings, in which
exemplary embodiments of the mnvention are shown. This
invention may, however, be embodied in different forms and
should not be construed as limited to the exemplary embodi-
ments set forth herein.

FI1G. 2 1s a diagram for describing a high-speed multi-stage
voltage comparator 200 according to an exemplary embodi-
ment of the present invention.

Referring to FIG. 2, the high-speed multi-stage voltage

comparator 200 includes a multi-stage amplifier A having
first through third preamplifiers A21 through A23 cascaded

on multiple stages, a latch L connected to an output terminal
of the multi-stage amplifier A, first through sixth capacitors
C1 through Cé for storing electrical energy such as voltage
output from the first through third preamplifiers A21 through
A23, and first through sixth reset switches S, o, through S, ..
and first through sixth offset-cancellation switches S,
through S, connected to output terminals of the first
through third preamplifiers A21 through A23.

Relationships between the components will be described
below 1n brief.

The first and second capacitors C1 and C2 are connected
between an output terminal of the first preamplifier A21 and
an 1nput terminal of the second preamplifier A22. The third
and fourth capacitors C3 and C4 are connected between an
output terminal of the second preamplifier A22 and an 1mnput
terminal of the third preamplifier A23. The fifth and sixth
capacitors C5 and C6 are connected between an output ter-
minal of the third preamplifier A23 and an 1input terminal of
the latch L.

The first and second capacitors C1 and C2 are connected at
first ends thereof to the respective first and second reset
switches S, ., and S, ., which operate 1n response to a first
clock CK1, and at the second ends thereof to the first and
second offset-cancellation switches S,~, and S,-, which
operate 1n response to a second clock CK2. The third and
fourth capacitors C3 and C4 are connected at first ends thereof
to the respective third and fourth reset switches S, ., and S, .,
which operate 1n response to a third clock CK3, and at the
second ends thereot to the third and fourth offset-cancellation
switches S -, and S, -, which operate in response to a fourth
clock CK4. The fifth and sixth capacitors CS and Cé are
connected at first ends thereot to the respective fifth and sixth
reset switches S, .. and S, which operate in response to a
fifth clock CKS5, and at the second ends thereof to the fifth and
s1xth offset-cancellation switches S, ~< and S , - which oper-
ate 1n response to a sixth clock CKa6.

For convemence, this exemplary embodiment employs a
structure 1n which the latch L 1s cascaded with the multi-stage
amplifier A having three stages, but 1t may be applied to any
structure 1n which the latch L 1s cascaded with a multi-stage
amplifier having two or more stages. Further, the odd-num-
bered reset and offset-cancellation switches Sy, Spes, Spes,
Sors Sors and S, and the even-numbered reset and offset-
cancellation switches Sy o5, Spct, Srcs, Sors, Sors aANd S 50k
are connected to respective common mode voltage (CML)
terminals, but they may be realized by shorting differential
signals 1n groups according to operation of the circuit.
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The multi-stage voltage comparator 200 has a unique fea-
ture 1n that it can operate at a high speed by eliminating ofisets
from the outputs of the preamplifiers A21 through A23 using
the first through sixth offset-cancellation switches S, -,
through S , ., and by minimizing output recovery times of the
preamplifiers A21 through A23 using the first through sixth
reset switches S,., through S,... This feature will be
described below 1n greater detail.

FIG. 3 illustrates a successive approximation register

(SAR) analog-to-digital converter (ADC) 300 to which the
multi-stage voltage comparator 200 according to an exem-
plary embodiment of the present invention 1s applied.

Referring to FIG. 3, the multi-stage voltage comparator
200 according to an exemplary embodiment of the present
invention compares the magnitudes of two 1nput voltages V ,;
and V , mput from a digital-to-analog converter (DAC) 310,
and outputs high when one of the two input voltages 1s smaller
than the other and low when the one of the two mput voltages
1s greater than the other.

Since this operation of comparing the two 1nput voltages

V.-and V, has a large influence on the accuracy of analog-
to-digital conversion of the SAR ADC 300, the offset of the
multi-stage voltage comparator 200 must be reduced as much
as possible 1n order to perform accurate voltage comparison.

Furthermore, 1n a structure 1n which a recently disclosed
SAR DAC having a conversion speed ol tens of MS/s does not
use a sample-and-hold (S/H) amplifier, the sampling time
Qsampiing 18 @ Very short time ranging from several to tens of
ns. As such, 1n order to eliminate both the offset and the
teedthrough during the very short sampling time Q.,,,...sz»
cach preamplifier must operate very rapidly, or load capaci-
tance must be very small.

Since there are practical limitations to designing a load
capacitance less than a predetermined value, each preampli-
fier must be designed to operate very rapidly. Nevertheless, 1t
1s very ditficult to enhance the operating speed of each pream-
plifier while each preamplifier maintains a voltage gain
higher than a predetermined value.

Thus, 1n order to enhance the operating speed of the multi-
stage voltage comparator 200, the second, fourth and sixth
clocks CK2, CK4 and CKé6 operate simultaneously with the
sampling time Q, . .;,,.» and the offset 1s eliminated using the
first through sixth offset-cancellation switches S, -, through

SOFG‘
In this manner, when the second, fourth and sixth clocks

CK2, CK4 and CK6 having the same rising and falling edges
operate simultaneously with the sampling time Q.. ;... @
teedthrough phenomenon 1s not eliminated. However, when
cach of the first through sixth offset-cancellation switches
S, through S,-. has a small size, the influence of the
teedthrough 1s negligible compared to that of the offset.

In detail, since there 1s a trade-oif between enhancing oper-
ating speed and eliminating feedthrough 1n multi-stage volt-
age comparators, the multi-stage voltage comparator 200 1s
adapted not to eliminate feedthrough in favor of enhancing
operating speed.

[f the sampling time Q.. ;.. 1S Very long, or if the multi-
stage voltage comparator 200 has a suificient speed margin,
the second, fourth and sixth clocks CK2, CK4 and CK6
preferably operate 1n sequence to eliminate feedthrough.

Further, feedthrough may be further reduced by imple-
menting each of the first through sixth offset-cancellation
switches S -, through S, as a small complementary metal
oxide semiconductor (CMOS) switch.

Next, how the multi-stage voltage comparator 200 mini-
mizes the output recovery times of the preamplifiers A21
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through A23 to increase its operating speed using the first
through sixth reset switches S,., through S,.. will be
described 1n greater detail.

In order to increase the operating speed of a conventional
multi-stage voltage comparator, a structure connecting a
switch to an output terminal of each preamplifier and shorting
two output nodes prior to operation of each preamplifier has
been proposed. This multi-stage voltage comparator can
reduce the output recovery time because the output of each

preamplifier begins to operate 1n the proximity of a common
mode voltage (CML).

However, 1n this structure, when a reset time 1s shorter than
a time period 1n which iput signals are crossed, the output
recovery time may become long. Further, when the output of
the rear stage preamplifier 1s saturated, the output recovery
time becomes very long. This will be described below 1n
greater detail with reference to FIG. 1.

Referring to FIG. 1, when first and second input voltages
V.-and V  are iput to the conventional multi-stage voltage
comparator 100, the first preamplifier A11 operates before the
first and second 1nput voltages V,,and V , are crossed, ampli-
fies a difference value after the first and second imput voltages
V.-and V, are crossed, and outputs a settled value.

Here, the propagation delay time of the first preamplifier
Al1l 1s mostly determined by the magnmitudes of the crossed
input voltages V,, and V.. In particular, when a difference
between the crossed input voltages V,, and V, 1s large, the
multi-stage voltage comparator 100 has a long propagation
delay characteristic, so that, strictly speaking, a value of the
voltage output from the first preamplifier A11 1s not an accu-
rate value of the amplified voltage.

In order to solve this problem, an exemplary embodiment
of the present invention 1s configured so that the first through
sixth reset switches S, ., through S, .. are connected to the
output terminals of the preamplifiers A21 through A23 to
reduce the output recovery time, and so that the clocks CK1,
CK3 and CKS used for the outputs of the preamplifiers A21
through A23 are sequentially operated to have a fast output
recovery time even though the output of the rear stage pream-
plifier 1s saturated. This will be described below in greater
detail.

FIG. 4 1s an enlarged view of a shaded part of the timing,
diagram of FIG. 2.

Referring to FIG. 4, when the first and second 1nput volt-
ages V.-and V , are input to the multi-stage voltage compara-
tor 200, the first and second reset switches S,., and S,
maintain an ON state in response to the first clock CK1, and
thus the output of the first preamplifier A21 1s reset during an
initial operating time t .

In other words, the first clock CK1 maintains a HIGH state
until after the input voltages V ,; and V . are crossed, thereby
serving to reduce the propagation delay time of the first
preamplifier A21.

Next, the first preamplifier A21 amplifies a difference
between the input voltages V ,,and V ,, after the input voltages
V.- and V, are crossed during a first operating time t ,;, and
outputs first and second output voltages V , and V.

Similarly, the third clock CK3 maintains a HIGH state until
alter the output voltages V , and V5 of the first preamplifier
A21 are crossed, and the fifth clock CKS maintains a HIGH
state until after output voltages V-~ and V, of the second
preamplifier A22 are crossed.

Thus, the second preamplifier A22 1s reset 1n response to
the third clock CK3 during t ,,+t ,,, and amplifies a difference
between the first and second output voltages V , and V  during,
t ,,. Further, the third preamplifier A23 1s reset 1n response to

[l
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the fifth clock CKS during t .+t ,,+t,,, and amplifies a dii-
ference between the third and fourth output voltages V . and
V,duringt ;.

In detail, 1t 1s actually suflicient only for the first clock CK1
to keep the first preamplifier A21 1n reset until the first and
second 1nput voltages V., and V , are crossed. However, for
various reasons, the first clock CK1 may miss the point of
time when the first and second input voltages V,,and V, are
crossed 1n relation to operation of the circuit. Thus, 1n order to
prevent this situation, the second and third preamplifiers A22
and A23 of the following stages are kept in reset until the input
voltages are crossed using the third and fifth clocks CK3 and
CKS.

Further, when high mnput voltages are iput to the second
and third preamplifiers A22 and A23 by the amplification of
the first preamplifier A21, the second and third preamplifiers
A22 and A23 may be saturated before fifth and sixth input
voltages V. and V. are input to the latch L. In this case, the
output recovery time may become very long. In order to

minimize the output recovery time, the second and third
preamplifiers A22 and A23 are reset by the third and fifth

clocks CK3 and CKS.

In other words, when the first, third and fifth clocks CK1,
CK3 and CK5 maintain the HIGH state only until the mnput
voltages mput to the respective preamplifiers A21, A22 and
A23 are crossed, the output recovery time can be minimized.

Thus, when the multi-stage voltage comparator i1s designed
so that the preamplifier having a relatively fast operating
speed 1s disposed on the front stage, while the preamplifier
having a relatively slow operating speed 1s disposed on the
rear stage, the multi-stage voltage comparator has improved
overall operating speed compared to the conventional multi-
stage voltage comparator using the preamplifiers having the
same operating speed.

Meanwhile, though this exemplary embodiment has been
described with reference to resetting the outputs of the pream-
plifiers A21, A22 and A23 using the different three clocks
CK1, CK3 and CKS5, the outputs of the preamplifiers A21
through A23 may be reset using a single clock i necessary.

Here, when the outputs of the preamplifiers A21 through
A23 must be reset using a single clock, 1t 1s preferable to use
the fifth clock CK5 having the longest cycle. Because it 1s
more important for the preamplifiers A21 through A23 to
reduce the propagation delay time of the signal than to catch
the point of time when the mput voltages are crossed, 1t 1s
more favorable for the multi-stage voltage comparator 200 to
use the fifth clock CK5 having the longest cycle for high-
speed operation.

Thus, when a high-speed multi-stage voltage comparator 1s
realized using three preamplifiers, four different clocks are
required in the conventional art, as 1llustrated in FIG. 1, while
only one clock 1s required 1n the present invention.

As illustrated 1n FIG. 2, however, the use of three different
clocks CK1, CK3 and CKS5 is not a serious obstacle, because
a recent SAR ADC employs an asynchronous clock scheme
that can easily make a multi-phase clock without separately
designing a clock circuit.

FIGS. 5A and 5B are graphs showing output fast-Fourier-
transform (FFT) results of a 10-bit SAR ADC equipped with
a multi-stage voltage comparator according to an exemplary
embodiment of the present invention and a 10-bit SAR ADC
equipped with a conventional multi-stage voltage compara-
tor.

As can be seen from FIGS. SA and 5B, the 10-bit SAR
ADC equipped with the multi-stage voltage comparator
according to an exemplary embodiment of the present inven-
tion can obtain 10-bit resolution because a dB difference
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between A and B 1s 70.4 dB owing to a high operating speed.
Whereas the 10-bit SAR ADC equipped with the conven-
tional multi-stage voltage comparator can actually obtain
only 8-bit resolution because a dB difference between A and
B 1s 49.8 dB.

According to the present invention, a multi-stage voltage
comparator 1s configured to be able to eliminate the oiffset
from outputs of preamplifiers through respective oflset-can-
cellation switches, and to reset the outputs of the preamplifi-
ers through the respective reset switches to reduce the output
recovery time.

Thus, the multi-stage voltage comparator can operate with
high accuracy and at a high speed, so that it can be usefully
applied to an analog-to-digital converter (ADC), and particu-
larly, a high-speed successive approximation register ADC
(SAR ADC).

The drawings and specification disclose typical exemplary
embodiments of the mvention and, although specific terms
are employed, they are used 1n a generic and descriptive sense
only and not for purposes of limitation. As for the scope of the
invention, 1t 1s to be set forth 1n the following claims. There-
tore, 1t will be understood by those of ordinary skill in the art
that various changes in form and details may be made therein
without departing from the spirit and scope of the present
invention as defined by the following claims.

What 1s claimed 1s:

1. A high-speed multi-stage voltage comparator, compris-

ng:

a multi-stage amplifier having a plurality of preamplifiers
cascaded on multiple stages;

a latch connected to an output terminal of the multi-stage
amplifier;

a plurality of capacitors storing voltages output from the
respective preamplifiers;

a plurality of offset-cancellation switches, each oflset-can-
cellation switch being connected between a common
node and a second end of a corresponding capacitor
among the plurality of capacitors, to eliminate oifset
from outputs of the respective preamplifiers; and

a plurality of reset switches, each reset switch being con-
nected between the common node and a first end of a
corresponding capacitor among the plurality of capaci-
tors, to reset the outputs of the respective preamplifiers,

wherein the reset switches reset the outputs of the respec-
tive preamplifiers in response to respective clocks main-
taining an active state until after input voltages input to
the respective preamplifiers are crossed.

2. The high-speed multi-stage voltage comparator of claim

1, wherein the reset and offset-cancellation switches are con-
figured to operate 1n response to asynchronous clocks.

3. The high-speed multi-stage voltage comparator of claim

1, wherein, before iput voltages are input to the respective
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preamplifiers, the offset-cancellation switches are turned on
for a sampling time to eliminate the ofifset from the outputs of
the respective preamplifiers.

4. The high-speed multi-stage voltage comparator of claim
1, wherein, before input voltages are input to the respective
preamplifiers, the ofiset-cancellation switches are sequen-
tially turned on during a predetermined time to eliminate the
offset and feedthrough from the outputs of the respective
preamplifiers 11 a sampling time corresponds to a time as long
as the comparator has a suificient speed margin, and wherein
the predetermined time 1s substantially the same as the sam-
pling time.

5. The high-speed multi-stage voltage comparator of claim
1. wherein each of the offset-cancellation switches includes a
small complementary metal oxide semiconductor (CMOS)
switch.

6. The high-speed multi-stage voltage comparator of claim
1, wherein the respective clocks correspond to a clock having
the longest cycle among clocks maintaining an active state
until after the input voltages iput to the respective preampli-
fiers are crossed.

7. The high-speed multi-stage voltage comparator of claim
1, wherein, as the reset switches maintain an ON state until
aiter the input voltages input to the respective preamplifiers
are crossed, the respective preamplifiers reduce a propagation
delay time and an output recovery time.

8. The high-speed multi-stage voltage comparator of claim
7, wherein the respective preamplifiers are reset for a prede-
termined time by the respective reset switches, and amplily
and output a difference between the mput voltages after the
input voltages are crossed.

9. The high-speed multi-stage voltage comparator of claim
7, wherein the preamplifier at a front stage 1n the multi-stage
amplifier has a higher operating speed than the preamplifier at
a rear stage.

10. The high-speed multi-stage voltage comparator of
claim 7, wherein, when the preamplifier at a rear stage 1n the
multi-stage amplifier 1s saturated by amplification of the
preamplifier at a front stage, the rear-stage preamplifier 1s
reset for a predetermined time by the reset switch connected
to the output terminal thereof, and reduces the output recov-
cry time.

11. The high-speed multi-stage voltage comparator of
claim 1, wherein the common node includes a common mode
voltage terminal.

12. The high-speed multi-stage voltage comparator of
claim 1, wherein the comparator 1s applied to a successive
approximation register analog-to-digital converter.

13. The high-speed multi-stage voltage comparator of
claim 1, wherein the sampling time corresponds to a short
time ranging from several to tens of nanoseconds.
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